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In vivo and in vitro evidence indicate that cells do not divide indefinitely but instead stop growing and
undergo a process termed cellular proliferative senescence. Very little is known about how senescence occurs,
but there are several indications that the retinoblastoma protein (pRb) is involved, the most striking being that
reintroduction of RB into RB~/~ tumor cell lines induces senescence. In investigating the mechanism by which
pRb induces senescence, we have found that pRb causes a posttranscriptional accumulation of the cyclin-
dependent kinase inhibitor p27<'™"" that is accompanied by an increase in p27%™" specifically bound to cyclin
E and a concomitant decrease in cyclin E-associated kinase activity. In contrast, pRb-related proteins p107 and
p130, which also decrease cyclin E-kinase activity, do not cause an accumulation of p27%™"' and induce
senescence poorly. In addition, the use of pRb proteins mutated in the pocket domain demonstrates that pRb
upregulation of p27¥™! and senescence induction do not require the interaction of pRb with E2F. Further-
more, ectopic expression of p21™* or p27¥™! induces senescence but not the morphology change associated
with pRb-mediated senescence, uncoupling senescence from the morphological transformation. Finally, the
ability of pRb to maintain cell cycle arrest and induce senescence is reversibly abrogated by ablation of p27<'*!
expression. These findings suggest that prolonged cell cycle arrest through the persistent and specific inhibi-

tion of cdk2 activity by p27<™!

is critical for pRb-induced senescence.

Instead of having an infinite capacity to proliferate, eukary-
otic cells are thought to have a limited replicative lifespan.
They undergo a terminal arrest of cellular division and take on
an altered cellular state, termed senescence (6, 21). Cellular
senescence was first observed by Hayflick and Moorhead in
human fibroblasts passaged in culture and has since been seen
to occur upon passage of many cell types from various species
and upon oncogenic stimuli (25, 38, 45, 48, 52, 69). Impor-
tantly, senescence is believed to be tumor suppressive, as by-
pass of senescence leads to immortalization and, potentially,
oncogenic transformation.

Senescent cells share several basic characteristics. One of
these is stringency in human cells—while rodent cells often
spontaneously immortalize, human cells do not (6, 21). Also,
though senescent cells continue to be metabolically active, they
undergo cell cycle arrest in the G, phase that is irreversible in
that they can not be mitogen stimulated to reenter S phase (6,
21). In addition, cells that have senesced exhibit changes in the
expression of proteins that regulate cell cycle and take on an
altered cellular morphology (5, 21, 52). Recently, the triggering
of senescence has been associated with telomere shortening,
and senescent cells, in contrast to immortal cells, exhibit de-
creased telomerase activity (31, 63, 66, 67). In fact, in trans-
formed cells telomerase activation was found to be sufficient to
allow cells to escape from senescent crisis (16, 23). However,
the mechanism by which senescence occurs is relatively un-
clear, though evidence suggests that the retinoblastoma pro-
tein (pRb), a potent tumor suppressor, may play a role (32).

pRb, the product of the RBI gene, is a 105-kDa phospho-
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protein that regulates cell cycle progression from the G, to S
phase by reversibly inhibiting E2F-mediated transcription of
genes required for S-phase entry (19, 47, 58, 65). pRb releases
E2F when the former is phosphorylated and inactivated by the
cyclin D-cdk4-cdk6 kinase in G, and the cyclin E-cdk2 kinase
at the G;-S boundary (4, 28, 33). The activity of these kinase
complexes is negatively regulated by cyclin-dependent kinase
inhibitors. Members of the INK4 family (p15, p16, p18, and
p19) inhibit D-type cyclins, while CIP/KIP family members
(p21, p27, and p57) inhibit E- and A-type cyclins (36, 51). In
almost all human cancers, either RB or components of its
regulatory pathway are mutated, suggesting that loss of pRb
function is critical for oncogenesis.

In addition, the p53 gene, another potent tumor suppressor,
is also found to be mutated or deleted in most human tumors
(29). The primary anti-oncogenic function of p53 may be its
rapid upregulation and subsequent induction of cell cycle ar-
rest and apoptosis upon detection of DNA damage signals (20,
34, 50). An important mediator of p53-induced cell cycle arrest
is its transcriptional target, the cyclin-dependent kinase inhib-
itor p21<'"' (20). Many oncogenic, proliferation-promoting
events have been demonstrated to induce p53-dependent apo-
ptosis, suggesting that in cancer cells, selective loss of p53
protects them from programmed cell death (55).

Ample evidence implicates a major role for tumor suppres-
sors in cellular senescence (6, 21). However, recent findings
indicate that pRb may be a crucial regulator of certain forms of
senescent cell cycle exit in human cells, while pS3 may be less
critical. p53 and p21 levels are often seen to increase in senes-
cent human diploid fibroblasts (2, 3, 38, 48, 69). Nevertheless,
it has been observed that bypass of replicative senescence by
human diploid fibroblasts did not require p53 inactivation,
though this immortalization did occur with the introduction of
the pRb-inactivating viral oncoprotein E7 in combination with
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increased telomerase activity (32). Similarly, in human cells
pS3 was found to be dispensable in oncogenic Ras-induced
senescence, while E1A—which inactivates and sequesters
pRb—blocked the senescence triggered by oncogenic Ras (48).
Also, the reestablishment of the pRb pathway by the readdi-
tion of p16™%4* in cells mutated for p16™%4 led to senes-
cence (15). Finally, reintroduction of pRb into RB~/~ tumor
cell lines induced senescence, even in cells that did not contain
wild-type p53 (67). Characteristic of senescence, the state in-
duced by pRb was found to be irreversible—the inactivation of
pRb in senescent cells led to the abortive reentry of these cells
into S phase and their subsequent apoptotic death (58, 67).

With pRb clearly implicated in senescence, we wanted to
determine its unique role in the senescence process and estab-
lish the mechanism by which pRb-mediated senescence occurs.
We have found that, even in the absence of an intact p53
pathway, pRb is able to induce senescence, causing an accu-
mulation of p27%'"! in senescent cells. The posttranscriptional
upregulation of p27%'"! by pRb is critical to the ability of pRb
to maintain cellular arrest but is not sufficient for the singular
function of pRb to promote the morphological change associ-
ated with senescent cells.

MATERIALS AND METHODS

Cell culture, plasmids, and transfection. The human osteosarcoma cell line
SAOS-2, subclone 2.4, was used for these studies (28). The cells were maintained
in Dulbecco’s modified Eagle’s medium (Gibco/BRL) supplemented with 15%
heat-inactivated fetal bovine serum and penicillin-streptomycin in a 5% CO,
incubator at 37°C. The pRb expression plasmid was constructed in the pSVE
vector (28, 57). pPCMVHA-p107 and pCMVHA-p130 were gifts from Jim De-
Caprio and have been described previously (61, 71). Made in the pSG5L vector
(Stratagene), pRbA651, pRbA657, and pRbA663 were constructed as described
previously and were generous gifts of William Kaelin (46). pPCMVp16 has been
described before (27). pPCMVCdk2NFG was a gift from Sander Van der Heuvel
(1993). For puromycin selection, the vector pBabepuro was used (41).

SAOS-2 cells were transfected at 80% confluency with the indicated plasmids
on 10- and 6-cm plates using 2X Bes-buffered saline and calcium phosphate (9,
28). DNA precipitates were removed as described previously (35). Six-well plates
with SAOS-2 cells at 80% confluency were transfected using the Fugene 6
reagent (Gibco/BRL).

Immunoblotting and immunoprecipitation. Expression of transfected and en-
dogenous proteins was detected by immunoblotting and metabolic labeling. Cells
were lysed in 100 pl of ELB (50 mM HEPES [pH 7.2], 250 mM NaCl, 2 mM
EDTA, 0.1% NP-40, 1 mM dithiothreitol) plus protease and phosphatase inhib-
itors (1 wg of aprotinin per ml, 1 pg of leupeptin per ml, 100 pg of Pefabloc, 4
mM sodium orthovanadate, 2 mM sodium PP;) per 10-cm plate. For metabolic
labeling, cells were incubated in methionine-free media with 15% dialyzed fetal
bovine serum for 45 min, labeled for 4 h (cyclin E immunoprecipitation), 1.5 h
(pulse-chase-p27 immunoprecipitation), or 1 h (p27 immunoprecipitation) with
500 pCi of Expre-**S*S (NEN) in 2 ml of methionine-free media plus 15%
dialyzed fetal bovine serum, and then lysed in 1 ml of ELB plus inhibitors. For
the p27 immunoprecipitation, harvested lysates were first boiled at 100°C for 5
min. Protein concentrations in cell lysates were determined by Bio-Rad protein
assay.

For immunoblotting, 30 to 50 g of protein was separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to ni-
trocellulose by standard procedures. Antibodies used for immunoblotting in-
clude the following: anti-pRb Ab-5 (Oncogene Sciences), antihemagglutinin
(Babco), anti-p27%!*1 K25020 (Transduction Laboratories), and anti-PAI-1 Ab-1
(Calbiochem). Anti-cyclin A H-432, anti-cyclin E HE12, and anti-Cdk2 M2 were
all from Santa Cruz. Anti-p16/N%** monoclonal antibodies JC2 and JC8 were the
gifts of Ed Harlow and Jim Koh; anti-p21“"™! monoclonal antibodies CP74 and
CP36 were the gifts of Ed Harlow and Brian Dynlacht. Proteins were detected
using horseradish peroxidase-conjugated donkey anti-mouse or anti-rabbit anti-
bodies (Jackson Immunosciences).

Immunoprecipitations were performed using 100 to 150 wg of cell lysate.
Lysates were immunoprecipitated with anti-p27%!F! K25020 (Transduction Lab-
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oratories) for 2 h at 4°C, 30 pl of protein A beads was added for 1 h, and then
the beads were washed four times with ELB and separated by SDS-PAGE.
Cyclin E and cyclin A2 were immunoprecipitated with agarose-conjugated anti-
bodies HE111 AC and BF683 AC, respectively (Santa Cruz), for 1 h with CL-4B
beads, washed four times with ELB, and separated by SDS-PAGE. To detect
cyclin E kinase activity, immunoprecipitations were carried out as described
above and then were subjected to an in vitro kinase assay essentially as described
previously with slight modifications (35). The kinase reaction was stopped with
12 pl of 6 SDS sample buffer. Prior to autoradiography the gel was stained for
5 min with Coomassie brillant blue to ensure an equal amount of histone H1 and
then was destained overnight and dried for 1 h.

Cell cycle analysis. Determination of the percentage of cells in G, phase for
the indicated plasmids was done using fluorescence-activated cell sorting (FACS)
as described previously (71). For 10-cm or 6-well plates, 5 or 0.5 p.g, respectively,
of the expression plasmid for the B-cell surface marker CD20, pPCMVCD20 (62),
was cotransfected with 10 or 0.5 pg, respectively, of the indicated plasmids.
Forty-eight hours posttransfection the cells were rinsed off the plates with phos-
phate-buffered saline (PBS) plus 0.1% EDTA, pelleted, and stained with 20 .l of
fluorescein isothiocyanate (FITC)-conjugated CD20 (Pharmingen). Cells were
fixed with 90% ethanol and left at 4°C for 1 h to several days. Prior to FACS
analysis cells were stained with 20 pg of propidium iodide (PI) per ml and treated
with 200 pg of RNase A per ml for 30 min at room temperature in the dark. Flow
cytometric analysis was performed on a Becton Dickinson machine, with the
intensity of PI and FITC measured by CellQuest and the cell cycle analysis done
using ModFit (Becton Dickinson).

To analyze the number of cells actively synthesizing DNA in S phase, SAOS-2
cells on 6-cm plates at 80% confluency were cotransfected with 0.5 pg of pBabepuro
and 5 pg of the indicated plasmid. Twenty-four hours after transfection cells
were split to coverslips in a 24-well plate, put in selective media 24 h after being
split, and measured for their ability to incorporate bromodeoxyuridine (BrdU).
The BrdU labeling reagent was added to a final concentration of 10 mM 5 or 10
days after transfection. Coverslips were fixed in a solution containing 70% eth-
anol and 50 mM glycine (pH 2.0) at —20°C and incubated for 1 h at 37°C with
a BrdU monoclonal antibody from the 5’-bromo-2’-deoxyuridine labeling and
detection kit II (Roche Molecular Biochemicals). Cells were then washed three
times in PBS plus 0.1% bovine serum albumin (BSA) and incubated with FITC-
conjugated anti-mouse (BrdU kit; Roche) for 30 min at 37°C and counterstained
with Hoechst stain. After being washed as described above, coverslips were
mounted in Fluoromount G. At least 300 cells were counted using a Leica
microscope.

Immunofluorescence. On 6-well plates, SAOS-2 cells at 80% confluency were
transfected with the indicated plasmids using the Fugene 6 reagent. Cells were
split to coverslips 24 h after transfection and at the indicated time were fixed for
5 min in methanol followed by 2 min in acetone at —20°C. Coverslips were then
washed three times in PBS plus 0.1% BSA, incubated in primary antibody for 1 h
at 37°C, washed in PBS plus 0.1% BSA again, and then incubated in secondary
antibody for 30 min at 37°C. Primary antibodies used for staining were mono-
clonal anti-p27 K25050 (1:100 dilution) (Transduction Laboratories), goat poly-
clonal anti-cyclin E C-19 (1:50 dilution) (Santa Cruz), rabbit polyclonal anti-cdk2
M2 (1:50 dilution) (Santa Cruz), and monoclonal anti-a-tubulin (1:1,000 dilu-
tion) (Sigma). Secondary antibodies consisted of Oregon green-conjugated anti-
rabbit (1:1,000 dilution) (Molecular Probes), Cy5-conjugated goat anti-rabbit
(1:250 dilution) (Amersham Pharmacia Biotech), Cy3-conjugated goat anti-
mouse (1:100 dilution), and FITC-conjugated donkey anti-goat (1:50 dilution)
(Jackson Immunosciences). Since both the p27¥'F! and a-tubulin antibodies
were from the same host, the antibody staining was done serially. First cells were
incubated with anti-p27¥'P! antibody, then with rabbit anti-mouse immunoglo-
bidin G antibody (1:100), and then Oregon green-conjugated anti-rabbit anti-
body. Following p27%'"! staining, a-tubulin staining was performed as described
above. After staining, coverslips were mounted using Fluoromount G and visu-
alized using a Leica microscope with Sony digital imaging (p27 single staining) or
a Delta Vision deconvolution microscope (coimmunostaining).

SA-B-gal assay. For the senescence-associated B-galactosidase (SA—B-gal)
assay, SAOS-2 cells were cotransfected with the indicated plasmids and pBabepuro
and selected 24 h posttransfection. The cells were maintained in selective media
for 10 days, and the SA—B-gal assay was performed as described previously (17).
All photography of SA—B-gal-positive cells was done on a Leica microscope with
Sony digital imaging.

Antisense oligonucleotide treatment. SAOS-2 cells at 80% confluency were
transfected on 6-well plates using the Fugene 6 reagent with 0.5 to 1 pg of the
indicated plasmids. Twenty-four hours after transfection the cells were split to
another 6-well plate and coverslips in a 24-well plate. Twenty-four hours after the
cells were split, they were transfected using the Fugene 6 transfection reagent
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with p27 antisense (p27AS) or p27 mismatch (p27C) oligonucleotides. Six-well
plates were transfected with 1 pg of the oligonucleotides (to 0.5 pg of DNA), and
24-well plates were transfected with 0.3 pg of the oligonucleotides (to 0.1 pg of
DNA). The oligonucleotides were constructed to base pairs 306 to 320 of murine
KIP1 as follows: p27AS, UGG CUC UCC UGC GCC, and p27C, UCC CUU
UGG CGC GCC (13; Biosource International-Keystone). For immunoblotting,
immunofluorescence, and FACS, 10 h after oligonucleotide treatment cells were
harvested and extracts were prepared for immunoblotting or harvested cells were
fixed and PI stained for FACS as described previously. For BrdU and SA—B-gal
assays, cells were transfected every 48 h with p27C and p27AS oligonucleotides
for the indicated time. We found that the cells did not take up the oligonucle-
otides as well in selective medium, so the selective medium was replaced with
nonselective medium immediately prior to transfection of the oligonucleotides.
Cells were then placed under selection again 10 to 18 h after oligonucleotide
transfection. After the indicated incubation time, the SA—f-gal or BrdU assay
was performed as previously described.

Northern blotting. Total RNA was isolated from subconfluent cultures using
Trizol (Gibco/BRL). Ten micrograms of RNA was resolved by electrophoresis,
transferred to Hybond-N" membranes, and probed according to standard pro-
cedures. The 500-bp DNA probe was constructed to the human p275'*! gene and
labeled with [*2a]dCTP using the High Prime DNA labeling kit (Roche Molec-
ular Biochemicals).

RESULTS

pRb acutely increases p27%'"! to inhibit cyclin E-associated
kinase activity. To determine the distinct role of pRb in se-
nescence, we chose to employ the osteosarcoma tumor cell line
SAOS-2, which is mutated for both p53 and RB. Past work has
indicated that pRb causes an acute G,-S cell cycle arrest in
SAOS-2 cells and senescence (22, 28, 47, 58, 67); hence, pro-
longed cellular arrest by pRb may be important in the main-
tenance of the senescent phenotype. In order to further un-
derstand the nature of the G, arrest imposed by pRb, we
investigated changes to cell cycle proteins upon reintroduction
of RB into SAOS-2 cells.

Forty-eight hours after transfection of SAOS-2 cells with
RB, when these cells exhibit a G, cell cycle arrest, lysates from
RB-transfected cells were compared to lysates of cells trans-
fected with empty vector by immunoblotting. We saw a striking
upregulation of p27%'™!, while there were no changes in the
level of cyclin E, cyclin A, or cdk2 (Fig. 1A). p21<™" expres-
sion, which is at nearly undetectable levels in these cells due to
lack of p53, did not change, but there was a small increase in
p16™% 42 Jevels, which are already high, consistent with pRb
loss and the observed lack of cdk4-cdk6 activity in these cells
(1, 43, 49, 68). Because the endogenous expression of p16™ 4
in SAOS-2 cells is sufficient to inactivate most of the endoge-
nous cdk4-cdk6, one would predict the increase in p16™&4
would not have any consequence on cell cycle. Indeed, this has
been observed by ourselves and others (39 and data not
shown). However, increased expression of p27<'™"" could well
be responsible for G, arrest by inhibiting cdk2 activity.

To determine the effect of increased p27<'™! expression on
the kinase complexes it regulates, we immunoprecipitated cy-
clin E from lysates prepared 48 h after cells were transfected
with RB. We found that compared to cells transfected with
vector, RB-transfected cells displayed increased p27<'™"! bind-
ing to cyclin E but not cyclin A (Fig. 1B). In addition, there was
more cdk2 bound to cyclin E, perhaps due to the increased G,
fraction in the presence of pRb. We confirmed this result by
immunoprecipitating cyclin E from RB-transfected cells that
had been metabolically labeled with >*S-methionine. Again, we
observed more p27€'™" in complex with cyclin E in the pres-
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ence of pRb (Fig. 1B). Finally, we looked at the effect of
increased p27¥™!-cyclin E binding on cyclin E-cdk2 activity.
We found that in the presence of pRb, the ability of the cyclin
E-cdk2 complex to phosphorylate histone H1 in vitro was sig-
nificantly reduced compared to that in cells without pRb.
There was a comparatively small decrease in cyclin A-associ-
ated kinase activity, perhaps due to cyclin A-cdc2 activity in the
population of cells still remaining in the G,-M phase of the cell
cycle. Hence, the primary consequence of the pRb-mediated
increase in p27¥™" levels appears to be to bind and inhibit
cyclin E-cdk2 complexes.

pRb increases p27%™" levels posttranscriptionally. With the
increase in p27<'"! levels implicated in pRb-mediated cell cy-
cle arrest, we wanted to investigate how pRb was regulating
p27%™F! expression. Interestingly, cotransfection of RB with
p27%™! resulted in increased expression of the exogenously
introduced p27¥'"!, suggesting that pRb regulation of p27<"!
may be posttranscriptional (Fig. 1C). We confirmed this by
performing a Northern blotting of cells transfected with RB
either with or without p27%'*!, demonstrating that pRb did not
increase either endogenous (Fig. 1D) or exogenous (data not
shown) p27¥™®! Jevels transcriptionally.

Much work has shown that p27¥™®! can be regulated post-
translationally through degradation (7, 42, 54, 60), so we in-
vestigated this possibility. Using cycloheximide to block new
protein synthesis, we determined the half-life of p27<'*! levels
in cells with or without exogenous RB. We found that endog-
enous p27%™! has a half-life of approximately 2.5 h in SAOS-2
cells, but despite its upregulation in the presence of pRb its
half-life was increased only marginally (Fig. 1E). The results
were similar for exogenous p27'! in the presence of RB
(data not shown). These results suggested that pRb regulation
of p27¥™! might occur primarily at the level of protein syn-
thesis; however, it was also possible that cycloheximide was
allowing the degradation of a posttranslational regulator of
p27%'"! that may have a shorter half-life than p27<'"" itself. To
differentiate between the two possibilities, we metabolically
labeled cells transfected with RB both with and without exog-
enous p27¥FL. Cells cotransfected with RB, labeled for 1 h
with *3S-methionine, and immunoprecipitated for p27<™" dis-
played higher p27%'*! levels than those cells not transfected
with RB (Fig. 1F). Similarly, cells cotransfected with or without
RB and p27%'™!, labeled for 1.5 h with **S-methionine, and
then chased with unlabeled methionine demonstrated again
that there was more incorporation of *>S-methionine into
p27%™! in cells cotransfected with RB, suggesting that pRb
expression increased the synthesis rate of p27°'"! (Fig. 1G). In
addition, in agreement with the cycloheximide results, the
chase of labeled cells with excess unlabeled methionine indi-
cated that there was no significant increase in the half-life of
p27%™®! in the presence of pRb (Fig. 1G). Altogether the data
indicate that pRb initially upregulates p27<™®" primarily at the
level of protein synthesis, consistent with the translational reg-
ulation of p27¥'*! described previously (26).

pRb, but not p107 or p130, induces senescence and p2
accumulation. The pRb-like proteins pl07 and pl130 are
thought to have functions in the cell that are both overlapping
with and distinct from those of pRb. Others have shown that
p107 and p130 can acutely arrest SAOS-2 cells in G, phase in
a manner comparable to that of pRb but do not comparably

7KIP1
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FIG. 1. pRb increases p27%"®! levels posttranscriptionally. The SAOS-2 human osteosarcoma cell line was transfected with empty vector
(pSVE) or pRb expression plasmids and cell lysates obtained 48 to 72 h posttransfection. (A) Immunoblot of cell cycle proteins. (B) Immunoblot
and in vitro kinase assay of cyclin E (left panel) and cyclin A (right panel) immunoprecipitations (IP). Cells labeled for 4 h with **S-methionine
were immunoprecipitated with anti-cyclin E and visualized by SDS-PAGE (middle panel). (C) Immunoblot of cells cotransfected with a p27<**
expression vector. (D) Northern blot of vector and pRb-transfected cells. (E) Transfected cells were treated with cycloheximide for the indicated
times, and cell lysates were immunoblotted for p27*'*! to determine its half-life. (F) Cells were cotransfected with vector or p27%'*! and labeled
for 1 h with *S-methionine, and lysates were obtained and boiled at 100°C and immunoprecipitated with anti-p27%'"'. (G) Cells cotransfected with
p27%P! were labeled for 1.5 h with **S-methionine and chased with unlabeled methionine. Lysates were then harvested at the indicated timepoints
and immunoprecipitated with anti-p27%/¥1,
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FIG. 2. pRb-mediated senescence is linked to p27%'™"! accumulation. SAOS-2 cells were transfected with empty vector (pSVE), RB, HA-p107,
or HA-p130 expression plasmids and pBabe-puro to select transfected cells by puromycin drug resistance. (A) Forty-eight hours after transfection
cells were placed under puromycin selection. Five days posttransfection cells were labeled with BrdU and immunostained with an anti-BrdU
antibody (Roche), and BrdU-positive cells were counted (at least 250 cells). The number of BrdU-positive cells is represented as a decrease in
BrdU-positive cells compared to vector-transfected cells and represents the average of at least three experiments. (B) Forty-eight hours
posttransfection cells were selected with puromycin and then 10 days after transfection were stained for SA—3-gal activity and flat and SA-B-
gal-positive cells were counted. Percent flat and SA—B-gal-positive cells indicates the number of flat cells or SA—3-gal-positive cells divided by the
total number of cells counted (at least 100 cells) and represents at least five independent experiments. (C) Immunoblot of cells 2 and 10 days

posttransfection. (D) p27<'*!
anti-p27<"*1,

induce the pRb-mediated morphology change, termed flat-cell
formation, after prolonged expression (28, 46). In addition,
both p107 and p130 can directly inhibit cdk2 in a manner
similar to that of p27%'"! (8, 13, 70). Hence, we wanted to
determine whether senescence was a unique function of pRb
and if the increase in p27¥'™"! levels played a role in maintain-
ing this terminally arrested phenotype. To do this we investi-
gated the ability of ectopically expressed p107 and p130 to
induce senescence in SAOS-2 cells.

To assay the proliferative capacity of cells at the time of

expression in senescent cells. Ten days after transfection puromycin-selected cells were immunostained with

senescent arrest, SAOS-2 cells were transfected with RB and
HA-tagged p107 or 130, put under puromycin selection 24 to
36 h later, and stained for BrdU incorporation at 5 days post-
transfection, when flat cells first begin to appear. As was seen
2 days after transfection (11, 28, 46, 71), p107 and p130 did
maintain the cells in an arrested state, decreasing the number
of cells in S phase as effectively as pRb (Fig. 2A). We then
looked at the ability of p107 and p130 to induce senescence by
staining puromycin-selected cells 10 days after transfection for
a senescence marker—SA—f3-gal activity. Consistent with pre-
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vious results, we found that p107 and p130 induced flat cells
poorly compared to pRb (46) and further demonstrated very
reduced or no ability to induce SA—B-gal in these cells (Fig.
2B). Thus, cell cycle arrest is not enough to induce the mor-
phology change and senescence; this process seems to be a
specific function of pRb.

Next, we wanted to determine if ectopic expression of p107
and p130 led to an increase in p27¥™! levels. SAOS-2 cells
transfected with RB, HA-p107, and HA-p130 were harvested
at both 2 and 10 days posttransfection to look at acute and
persistent induction of p27*™* by immunoblotting. Interest-
ingly, all the pocket proteins increased p27<'"! expression
transiently, perhaps indicating an involvement of p27%'! in
normal cell cycle arrest, but only pRb maintained high levels of
p27%™®! at 10 days, correlating elevated p27<™* expression
with senescence (Fig. 2C). In contrast, compared to vector-
transfected cells at 10 days, pl07 only slightly increased
p27%'P! levels while p130 appeared to repress p27<'F! expres-
sion. To confirm this result on a cellular level, cells transfected
with the pocket proteins and put under selection were stained
for p27%F! expression after 10 days, enabling us to look at the
level of p27%™! expression in individual cells by immunofluo-
rescence. While p27%™"! was highly expressed nuclearly and
cytoplasmically in RB-transfected cells, p27%'F! staining was
comparatively much less in pl07-transfected cells and was
nearly absent in vector- and p130-transfected cells at 10 days
(Fig. 2D). In addition, both the immunoblot and immunoflu-
orescence results suggest a direct correlation between high
levels of p27%"! expression and number of flat cells, possibly
indicating that maintenance of p27%'*! expression is linked to
the morphology change.

pRb upregulation of p27%™" is not E2F-dependent. pRb is
thought to enforce cell cycle arrest through its interaction with
E2F by repressing E2F-mediated transcription of target genes
whose expression is required for S-phase entry. In agreement
with this, it was shown that mutation of the gene encoding pRb
in the pocket domain abolished its ability to stably bind E2F,
repress transcription, and induce an acute G, growth arrest
(46). To determine if the pRb-E2F interaction was involved in
pRb’s regulation of p27%¥™! we employed these pRb pocket
mutants. With a flexible linker sequence, NAAIRS, inserted at
the first amino acid indicated by the mutant name, HA-
pRbA651 and HA-pRbA657 bind E2F in solution but not on
DNA, while HA-pRbA663 does not bind E2F either in solution
or on DNA (46). By FACS analysis we confirmed that tran-
siently at 48 h pRb induced a significant G, arrest, while the
non-E2F-regulating pRb mutants, pRbA651, pRbA657, and
pRbA663, did not (Fig. 3A) (46).

Next, to investigate whether the pRb-E2F interaction was
required for pRb-mediated upregulation of p27%™*!, we per-
formed an immunoblotting of lysates from cells harvested 48 h
after transfection with pRb and the pRb pocket mutants. We
found that, like wild-type pRb, pRbA651, pRbA657, and
pRbA663 also induced a transient increase in p27<'! levels,
indicating that pRb does not have to interact with E2F in order
to regulate p27%™! expression (Fig. 3B). However, the pRb
pocket mutants also displayed elevated cdk2 levels compared
to those of control and wild-type pRb-transfected cells. Thus,
this paradoxical increase in p27™F! levels in the absence of a
G, arrest suggested that p27%'"! may not be sufficient to inhibit
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cdk2 activity in cells expressing the pRb mutants. To investi-
gate this possibility we examined levels of p27%™! and cdk2
complexed with cyclin E by immunoprecipitating cyclin E from
lysates of cells transfected with wild-type and mutant pRb. As
with wild-type pRb, the transient increase in p27<™"! levels
produced by the pRb pocket mutants also led to an increase in
p27%™! bound to cyclin E (Fig. 3C). Strikingly, there was more
cdk2 bound to cyclin E in pRbA651, pRbA657, and most no-
tably in pRbA663 transfectants, correlating well with the in-
ability of these proteins to induce a G, arrest. This result
implies that the higher levels of cdk2 bound to cyclin E could
negate the increase in p27¥™"! levels, shifting the equilibrium
back towards cellular proliferation. In agreement with this,
when lysates transiently transfected with the pRb pocket mu-
tants were assayed in vitro for their cyclin E-associated kinase
activity, we found that cells transfected with the pRb pocket
domain mutants had higher cyclin E-associated kinase activity
than that in pRb-transfected cells (Fig. 3C). The cyclin E, cdk2,
p27%™"! interaction was further investigated in vivo by coim-
munostaining. Compared to vector-transfected cells, both pRb
and pRbA663 upregulated p27<™*; however, in RB-trans-
fected cells p27%™! primarily colocalized with cdk2 (purplish
hue), while pRbA663 transfectants displayed a preponderance
of non-p27¥™1-associated cdk2 (Fig. 3D).

pRb mutants deficient in E2F regulation induce a delayed
cell cycle arrest and senescence that correlates with p27<'™"!
accumulation. It has been reported that some of the non-E2F
binding pRb mutants could cause the morphology change in
SAOS-2 cells that has recently been linked to senescence and
differentiation (46, 64). We wanted to determine if the flat cells
produced by those mutants, pRbA651 and pRbA663, were se-
nescent, clarifying if pRb regulation of E2F was required for
pRb-mediated senescence. We determined the abilities of cells
transfected with HA-pRbA651, HA-pRbA657, and HA-
pRDbLA663 to incorporate BrdU compared to those of the other
pocket proteins, pRb, p107, and p130. We found that by 5 days,
pRbA651 and pRbA663 had achieved an arrested cellular
state, decreasing the number of cells in S phase comparably to
that of p107 (Fig. 4A). pRbA657, however, was not as success-
ful at halting cellular proliferation. When we assayed the abil-
ity of the pRb pocket domain mutants to induce senescence,
pRbA651 and pRbA663, mutants that had established cell cycle
arrest by 5 days, retained the ability to induce flat cells that
stained positively for SA—-gal activity (Fig. 4B).

We were interested in how these pRb pocket mutants that
were unable to bind E2F and transiently arrest cells were
eventually able to arrest cells and induce senescence. Hypoth-
esizing that p27%™! or other cell cycle proteins regulated by it
may be involved, we performed immunoblotting of lysates
from cells transfected with pRb, HA-p130, and the pRb pocket
domain mutants 10 days posttransfection. Strikingly, the ex-
pression of p27¥™! paralleled the ability of the pocket proteins
to induce senescence (Fig. 4C). pRb, pRbA651, and pRbA663—
all of which induced senescence—also led to p27*'"! accumu-
lation, while p130 and pRbA657 produced few senescent cells
and did not provide p27%'! accumulation. In addition, at 10
days pRb and p130 had altered the expression patterns of
cyclin E and cyclin A2, while the pRb pocket domain mutants
had not, perhaps reflecting E2F-mediated regulation of the
cyclin promoters. As was seen at 2 days (Fig. 3B), expression of
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FIG. 3. E2F repression is not required for pRb upregulation of p27<'*!. SAOS-2 cells were transiently transfected with empty vector (pSVE),
RB, HA-pRbA651, HA-pRbA657, or HA-pRbA663. (A) Cells were cotransfected with an expression vector for the CD20 cell surface protein.
Forty-eight hours posttransfection, cells were harvested, fixed, incubated with FITC-conjugated anti-CD20 to identify transfected cells, and stained
with PI to determine DNA content. Cell cycle analysis was then performed by FACS, with 10,000 CD20-positive events counted. Results represent
the percent increase of cells in the G, phase over vector-transfected cells and are the average of at least two independent experiments. (B)
Immunoblot of transfected cells 48 h posttransfection. (C) Immunoblot and in vitro kinase assay of lysates immunoprecipitated with anti-cyclin E
48 h after transfection. (D) Immunofluorescence analysis of cyclin E, cdk2, and p27*'*! in transfected cells. Cells transfected with vector, RB, or
HA-pRbA663 were coimmunostained with cyclin E (green), cdk2 (blue), and p27%™"! (red) antibodies 48 h posttransfection.
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FIG. 4. pRb pocket mutants induce senescence and p27%'*! accumulation. SAOS-2 cells were transfected with empty vector (pSVE), RB,
HA-p107, HA-p130, HA-pRbA651, HA-pRbA657, or HA-pRbA663 and a puromycin resistance plasmid. (A) Cells were puromycin selected 48 h
after transfection and at 5 days posttransfection were labeled with BrdU and stained with anti-BrdU, and BrdU-positive cells were counted (at least
250 cells). Results represent the decrease in BrdU-positive cells compared to vector-transfected cells and are the average of at least three
experiments. (B) Ten days after transfection puromycin-selected cells were stained for SA—f-gal activity and flat cells (solid bars) and SA-B-gal-
positive cells (hatched bars) were counted. Results are the number of flat or SA—f-gal-positive cells divided by the total number of cells counted
(at least 100 cells) and represent the average of at least three experiments. (C) Immunoblot at 10 days of lysates from cells transfected with the
indicated plasmids and puromycin selected. (D) Ten days posttransfection cyclin E immunoprecipitation and in vitro kinase assay of cells
transfected with the indicated plasmids and puromycin selected. (E) Coimmunostaining of vector-, RB-, or HA-pRbA663-transfected cells with
cyclin E (green), cdk2 (blue), and p27%'"! (red) antibodies 10 days posttransfection. Yellow staining in RB-transfected cells indicates colocalization
of cyclin E and p27%'*L,
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the pRb pocket domain mutants continued to be accompanied
by higher levels of cdk2 protein, but the elevated expression of
p27%™®! by pRbA651 and pRbA663 likely prevented the activity
of this kinase by 10 days after transfection.

To confirm this hypothesis we investigated cyclin E kinase
activity and changes to the cyclin E kinase complex at 10 days.
When the in vitro kinase activity of cyclin E was assayed at 10
days, lysates from cells transfected with the senescence-profi-
cient pRb pocket domain mutants, pRbA651 and pRbA663,
had significantly reduced cyclin E kinase activity compared to
cells transfected with vector or the senescence-deficient mu-
tant, pRbA657 (Fig. 4D). This suggests that increase of p27%'*!
by pRbA651 and pRbA663 is sufficient for the establishment of
G, arrest as a result of inhibition of cyclin E-cdk2 activity.
Interestingly, p107- and p130-transfected cells, despite an in-
ability to maintain p27¥™®! expression, also had low cyclin
E-associated kinase activity, consistent with their ability to act
as bona fide cdk2 inhibitors (8, 70). This result could indicate
that the specific inhibition of cdk2 by p27%'*! may be impor-
tant for senescence or, alternatively, that p27<'! may play
some other role in senescence distinct from cyclin E regulation.
In addition, coimmunostaining of cells transfected with vector,
RB, or HA-pRbA663 at 10 days indicated that though
pRbA663-transfected cells still expressed higher levels of cdk2
than RB-transfected cells, the majority of cdk2 and cyclin E
now colocalized with p27%'*! (Fig. 4E).

CIP1/KIP1 inhibitors induce senescence but not flat cells.
The observation that the cell cycle arrest produced by a non-
phosphorylatable pRb mutant can still be bypassed by cyclin E
overexpression indicates that cyclin E must have a pRb-inde-
pendent role in cell cycle progression (10, 37). This, in fact,
underscores the requirement for a mechanism to inhibit cyclin
E activity independent of the pRb-E2F interaction in senescent
cells. With a strong correlation between p27<™! accumulation
and senescence, we wanted to determine if p27<™" played a
causative role in senescence downstream of pRb.

As previously observed, we found that even in the absence of
pRb, p21<™1 p27%F! "and a dominant-negative cdk2 mutant
(Cdk2NFG) induced a transient and prolonged G, cell cycle
arrest, decreasing the number of cells in S phase (24, 44, 59, 62,
and data not shown). To determine if the increase in p27<**
levels in senescent cells was simply correlative or if p27<'*!
played an active role in promoting senescence, we tested its
ability to produce SA—B-gal-positive cells. Unexpectedly, at 10
days posttransfection p21<™*, p27¥™!  and dnCdk2 all pro-
duced SA-B-gal-positive cells while p16™ 42 did not (Fig. 5A).
This demonstrates that the inhibitors of cdk2 can induce se-
nescence even in the absence of pRb and p53. In addition, all
the inhibitors of cdk2 augmented the ability of pRb to promote
senescence. The observation that dnCdk2 induced senescence
suggested that inhibition of cdk2 could trigger the senescent
process. This, though, is inconsistent with the inability of p107
and p130 to induce senescence despite their inhibition cyclinE-
cdk?2 activity at 10 days. This contradiction was resolved by the
fact that p27%'™" levels were strikingly elevated in dnCdk2-
transfected cells, even above the levels in pRb-transfected cells
(Fig. 5B), strongly supporting the hypothesis that p275™* ac-
cumulation is a requirement for senescence induction.

Interestingly, the SA—B-gal-positive cells induced by p2
p27%'P! "and dnCdk2 expression were phenotypically different

CIP1
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from pRb-induced SA-B-gal-positive cells. While pRb pro-
duced enlarged, elongated, flattened cells typically seen in se-
nescence, the inhibitors of cdk2 all produced slightly bigger
rounded cells that were SA—B-gal positive (Fig. 5C). This mor-
phological difference between the pRb and p27<™* senescent
cells uncouples senescence from the specific morphology
change induced by pRb and reconfirms that flat-cell formation
is a function unique to pRb. However, when the cdk2 inhibitors
and pRb were coexpressed, the pRb-mediated senescent mor-
phology change took precedence over that of p275¥™* (data not
shown), demonstrating that pRb flat-cell formation occurs
through a separate yet dominant pathway. To confirm that the
SA-B-gal-positive cells produced by p27<'"! were truly senes-
cent, levels of an additional marker of senescence, the plas-
minogen activator type-1 (PAI-1), were determined. After 10
days, increased PAI-1 protein expression was observed by im-
munoblotting in lysates from cells transfected with either pRb
or p27¥™"1) consistent with the establishment of senescence
(Fig. 5D).

Finally, we investigated the physical difference between the
pRb and p27¥™*! senescent morphology change. We have seen
that treatment of pRb flat cells with taxol, but not nocodazole,
leads to the loss of the elongated cellular phenotype—the cells
take on the small, rounded appearance of p27*'"! senescent
cells (unpublished data). This suggests that continued micro-
tubule depolymerization is required for maintenance of the
flat-cell phenotype. To determine if microtubule alteration was
occurring in pRb-mediated flat cells but not in p27<™" senes-
cent cells, we coimmunostained the cells at 10 days for a-tu-
bulin and p27%'"! expression. a-Tubulin had clearly undergone
significant reorganization in pRb-transfected cells compared to
wild-type cells and p27%'™! senescent cells (Fig. 5E). Thus, the
phenotypic change caused by pRb expression in these cells,
while perhaps contributing to the senescent phenotype, is not
required for senescence and is separable from p27<™! induc-
tion.

p27%¥™! is required for pRb-mediated senescence. With
p27%™®! implicated in a causative role in senescence, we
wanted to determine if its accumulation was necessary for
pRb-mediated senescence. To eliminate p27%™! expression
from SAOS-2 cells, we chose to use p27<'"! antisense oligo-
nucleotides previously described (12). The efficacy of the p27
antisense oligonucleotides in reducing pRb upregulation of
p27%™F! was assessed by immunoblot and immunofluorescence.
p27 antisense oligonucleotides significantly reduced the pRb-
induced increase in p27¥™! levels, while the control oligonu-
cleotide had no effect (Fig. 6A). Similarly, staining of oligonu-
cleotide-treated cells for p27*'™' demonstrated a sharp
decrease in p27°'™"! expression in pRb-transfected cells incu-
bated with the p27 antisense oligonucleotides, confirming their
specific effect in inhibiting p27<™* expression (Fig. 6B).

The effect of loss of p27¥™"! expression on pRb-mediated
senescence was studied by treating cells every 48 h with either
control or p27 antisense oligonucleotides following transfec-
tion with pRb. While the control oligonucleotides had no ef-
fect, p27 antisense treatment of pRb-transfected cells de-
creased the number of SA—B-gal-positive cells by about 40%
(Fig. 6C). In addition, we saw with p27 antisense treatment a
decrease in flat cells formed; instead, there were several small
colonies of cells (Fig. 6C). Finally, on those plates of pRb-
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FIG. 5. p27%'™! induces senescence. SAOS-2 cells were transfected with empty vector (pSVE), RB, p16™% 4 p21<™P1 p27%P! "and dominant-
negative Cdk2 (dnCdk2 or dnK2) expression vectors. (A) Cell cycle inhibitors were cotransfected with empty vector (solid bars) or with RB
(hatched bars) and with pBabe-puro, selected with puromycin 24 h after transfection, and then stained for SA—p-gal activity 10 days posttrans-

fection. (B) p27<'"! immunoblot at 10 days of lysates from cells transfected with the indicated plasmids. (C) Phenotype of pRb and p2

7KIP1

SA-B-gal-positive cells 10 days posttransfection. (D) PAI-1 immunoblot of cells transfected with the indicated plasmids 10 days after transfection.
(E) Effect of pRb and p27%'™™! on microtubulin in senescent cells. Ten days posttransfection cells were coimmunostained with p275'*! (green) and

a-tubulin (red) antibodies.

transfected cells incubated with the p27 antisense oligonucle-
otides there were fewer cells overall, suggesting a loss of
growth arrest in antisense-treated cultures which would cause
a loss of the cotransfected drug selection marker (Fig. 6C).
To examine the role of p27¥™"! in the long-term growth
arrest initiated by pRb, the effect of p27 antisense treatment on
cell proliferation was determined. Cells were transfected with
RB or HA-pRbA651, treated with oligonucleotides as de-
scribed previously, and assayed for their ability to incorporate
BrdU at 10 days. A significant portion of the pRb-transfected
cells treated with p27 antisense oligonucleotides were in S
phase in contrast to those treated with control oligonucleo-

tides, implying that pRb requires high expression of p275<™"! to
maintain G, arrest (Fig. 6D). The inability of pRbA651 to bind
E2F led to an exacerbation of the p27 antisense effect (Fig.
6D)—antisense-treated cells were proliferating at nearly nor-
mal levels, suggesting that the wild-type pRb-E2F complex may
have an antiproliferative effect even in the absence of p27<'¥*.
Thus, without p27%™! induction and without the ability to bind
E2F, pRbA651 had no means by which to arrest cells, intimat-
ing that E2F regulation and p27<™* induction by pRb collab-
orate to arrest cells in G, phase.

To determine if increased p27<'"! expression was necessary
for acute as well as senescent cell cycle arrest in response to
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FIG. 6. p27¥'*! is required for pRb-mediated senescence. SAOS-2 cells were transfected with RB and 24 h later were treated with p27<'*!
mismatch (C) or p27%'"! antisense (AS) oligonucleotides. (A) Immunoblot of RB-transfected cell lysates 24 h after p27 antisense treatment. (B)
p27%'"! immunostaining of RB-transfected cells 6 h (left panel) and 10 h (right panel) after treatment with p27 antisense oligonucleotides. (C)
Effect of loss of p27%'"! expression on pRb-induced senescence. Starting 24 h posttransfection, cells were treated every 48 h with p275™"! mismatch
(pRb C) or p27 antisense (pRb AS) oligonucleotides over a period of 10 days. After 10 days cells were stained for SA—B-gal activity, and flat cells
(solid bars) and SA—B-gal-positive cells (hatched bars) were counted as previously described. p27<'"! mismatch (top panel) and antisense (bottom
panel) oligonucleotide-treated cells were stained for SA—f-gal activity at 10 days. (D) BrdU incorporation of vector (pSVE)- or RB- and
HA-pRbA651-transfected
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pRb, we analyzed the cell cycle profiles of p27 antisense-
treated cells. Two days after transfection with a pRb-encoding
plasmid, FACS analysis indicated that, concurrent with the loss
of p27¥™®! expression 10 h after p27 antisense treatment, pRb-
mediated G, arrest was significantly antagonized (Fig. 6E). As
expected, the reduced ability of pRbA651 to arrest cells was
little affected by the p27 antisense oligonucleotide. So, though
repression of E2F is clearly important for immediate cell cycle
arrest, p275™"! likely also contributes to the loss of prolifera-
tive capacity that occurs soon after pRb expression in these
cells (12, 46).

We next asked if the effect of p27 antisense treatment on
immediate and prolonged arrest was reversible. Cells were
transfected with RB or HA-pRbA651 and treated 2 and 4 days
posttransfection with control and p27 antisense oligonucleo-
tides. Then oligonucleotide treatment was halted, and the cells
were assayed for BrdU incorporation both 1 day (5 days post-
transfection) and 5 days (10 days posttransfection) after the
last oligonucleotide treatment. Twenty-four hours after release
from p27 antisense treatment, pRb-mediated senescent arrest
was still compromised; however, 6 days after p27 antisense
treatment was halted, pRb had reestablished cellular arrest
(Fig. 6F) in contrast to pRb-transfected cells treated for 10
days with the p27 antisense oligonucleotide (Fig. 6D). This
recovery of cell cycle arrest by pRb after 5 days of release
appeared to occur without any apparent loss in cell number or
change in cellular morphology, as the cells were flat like their
control oligonucleotide-treated counterparts (data not shown).

p27¥TP! partially rescues the ability of pRb pocket mutants
to induce senescence. With the indication that p27%'™™! was
both necessary and sufficient for senescence, one prediction
would be that supplying exogenous p27<'**! to cells transfected
with pocket proteins that have diminished or no ability to
induce senescence would rescue their ability to do so. To test
this hypothesis we cotransfected p27<™™" with HA-p107, HA-
p130, RB, and the pRb pocket domain mutants. Exogenous
expression of p27%'"! had no effect on the ability of p107 or
p130 to form flat cells but slightly augmented the incidence of
p107 senescent cells (Fig. 7A and B). This result again dem-
onstrates that p27¥™" has no ability on its own to induce the
flat-cell phenotype, but instead its expression is linked to se-
nescence. In addition, there was an increase in senescent cells
when p27'"! was overexpressed with p130, but these senes-
cent cells were phenotypically identical to the senescent cells
induced by p27%™* alone, not pRb-mediated flat cells (Fig.
7B). Thus, p130, which is unable to induce flat cells, showed no
benefit from p27¥*! overexpression and instead inhibited the
ability of p27*™®! to induce senescence itself (Fig. 7B). Inter-
estingly, these results seemed to correlate with the expression
levels of cotransfected p27¥F!—p107 did not induce p27<'*!
levels above that of cells transfected with p27¥** alone while,
similar to its effect on endogenous p27<™' at 10 days, p130
appeared to repress exogenous p27¥*! expression (Fig. 7C).
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Despite the lack of effect on p107 and p130, it was possible
that cotransfection of p27%'"! with the pRb pocket domain
mutants would allow them to arrest cells acutely, enabling
them to induce flat and senescent cells at levels of wild-type
pRb. Indeed, coexpression of p27<™! with pRbA651 signifi-
cantly increased its flat cell and senescence-inducing abilities,
suggesting that acute G, cell cycle arrest did allow pRbA651 to
form more flat cells (Fig. 7A and B). While cotransfection of
p27%™F! with pRbA663 only slightly increased the number of
flat cells, perhaps indicating the upper limit of this mutant’s
ability to produce flat cells, it more dramatically increased the
number of pRbA663 senescent cells. However, in a complete
lack of rescue, exogenous p27%'™" did not enable pRbA657 to
form flat, senescent cells. Instead, like p27%'*! with p130, there
were many p27<™! phenotypic senescent cells. In summary,
these data suggest that flat-cell induction by pRb is compro-
mised or absent in the pocket domain mutants used here re-
gardless of the proliferative status of the cell. Thus, pRb-
mediated arrest and senescence in SAOS-2 cells may arise
from three collaborative but distinct processes—E2F regula-
tion, p27¥™! induction, and the morphological change.

DISCUSSION

Reintroduction or reactivation of pRb in human tumor cell
lines that lack functional pRb often results in senescence. In
this study we have investigated the contribution of pRb to
senescence by reintroducing RB into an osteosarcoma tumor
cell line mutated for both RB and p53. In doing so we exam-
ined the transient and prolonged effects of pRb on cell cycle
protein levels and activities, cellular proliferation, and cellular
morphology and the importance of these changes in cellular
function to senescence. We found that soon after pRb expres-
sion, p27¥'F! synthesis increased in an E2F-independent man-
ner, cyclin E-cdk2 kinase activity decreased, and the cells ar-
rested in the G, phase. These properties persisted upon
prolonged pRb expression and progression into the senescent
state, suggesting that they are important in the senescence
process.

Most significantly, we found that only pRb and not p107 or
p130 could induce sustained p27<™! synthesis and senescence,
despite the fact that p107 and p130 can cause cell cycle arrest
through E2F repression and cdk2 inhibition (11, 53, 71). In-
deed, recent evidence points to p107 and p130 being the pri-
mary regulators of cellular proliferation through E2F-depen-
dent mechanisms. p130 was seen to be the predominant pocket
protein bound to E2F target gene promoters in G, and early
G,, while p107 dominated at late G, and S phase (30, 56).
Further, mouse embryo fibroblasts (MEFs) from RB~/~ mice
exhibit normal cell cycle regulation and few E2F target gene
alterations, suggesting that E2F regulatory functions may be
adequately performed by p107 and p130 in RB~/~ MEFs (30).
Given this ability of p107 and p130 to control cell cycle through

cells treated every 48 h over a period of 10 days with mismatch or p27 antisense oligonucleotides. Results are the average of at least three
experiments. (E) Cells were cotransfected with RB or HA-pRbA651 and CD20 expression plasmids and treated 24 h later with p27 mismatch or
p27 antisense oligonucleotides, and FACS analysis was performed as previously described 24 h after oligonucleotide treatment. (F) RB-transfected
cells were treated with p27 mismatch and antisense oligonucleotides at 2 and 4 days posttransfection, released from oligonucleotide treatment for
1 or 6 days, and then assayed for BrdU incorporation. Results are the average of at least two independent experiments.
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FIG. 7. p27¥'P! partially rescues the ability of pRb pocket mutants to induce flat cells and senescence. SAOS-2 cells were cotransfected with
p27¥"1 and RB, HA-p107, HA-p130, HA-pRbA651, HA-pRbA657, or HA-pRbA663 and a puromycin resistance plasmid. (A) Ten days post-
transfection the number of pRb-phenotypic flat cells per total cells counted (at least 100 cells) for vector (CMV) or each protein alone (solid bars)
or cotransfected with p27%'¥! (hatched bars). Results represent the average of three independent experiments. (B) Ten days posttransfection cells
were stained for SA-B-gal activity and the SA—B-gal-positive cells per total cells were counted (at least 100 cells) for vector (CMV) or each protein
alone (solid bars) or cotransfected with p27%'"! (hatched bars). Results are the average of three independent experiments. An asterisk indicates
p27 phenotypic senescent cells. (C) p27*™! immunoblot of cotransfected lysates at 10 days posttransfection with vector (pSVE) or the indicated

expression plasmid.

E2F association at least as well as pRb, it is interesting that
p107 and p130 induce senescence poorly or not at all in com-
parison to pRb. This strongly indicates that pocket protein-
mediated E2F repression and subsequent cell cycle arrest are
not enough to initiate a senescent phenotype; rather, a specific
function of pRb is required.

Despite the importance of E2F regulation in pocket protein-
mediated cell cycle arrest, we found senescence induction to
best correlate with p27%'! induction. Wild-type pRb and se-
nescence-competent mutants all induced persistent upregula-
tion of p27%™", whether or not they were able to block the cell
cycle through interaction with E2F. Further, ectopic expression
of p27%'"! could induce aspects of senescence on its own, and

ablation of p27*'™"* expression prevented senescence induction

by wild-type pRb. Thus, even in the absence of pRb and p53,
p27%™®! can cause SAOS-2 cells to enter the senescence path-
way. Indeed, p27¥™!- or p21<™!-mediated inhibition of cdk2
appears to be specifically required for senescence induction.
Loss of cdk2 activity at the hands of p130 does not lead to
senescence, and instead we observed an inhibition of both
p27¥™"! expression and senescence in the presence of p130.
Together, these data argue that p27%™* (or p27%'*!-cdk2 com-
plexes) may play an active role in the senescence program
rather than passively allowing cell cycle exit to occur as a
consequence of lack of kinase activity. This E2F-independent
induction of p27*'"! and senescence by pRb may in part ex-
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plain the prevalence of RB mutation in cancer. Perhaps tumor
cells selectively inactivate pRb to prevent its initiation of a
senescence program upon oncogenic stimuli or cellular exhaus-
tion of proliferative capacity.

Although the evidence outlined above demonstrates mech-
anistic differences in p27°™"! induction and E2F regulation by
pRb, it is important to note that these functions likely collab-
orate in cell cycle arrest. For example, higher levels of cdk2
were found after expression of senescence-competent, E2F
nonbinding pRb mutants, suggesting that the level of cyclin
E-cdk2 complex might be regulated by E2F and thus affect the
ability of p27%™"! to effect cell cycle arrest. Further, wild-type
pRb-mediated arrest was attenuated by inhibition of p27<'*"
expression despite the retention of an E2F binding domain,
suggesting that E2F regulation and cdk2 inhibition must both
occur to achieve cell cycle arrest. Indeed, the fact that an active
cyclin E-cdk2 kinase complex can clearly bypass pRb-mediated
cell cycle arrest potentially explains the requirement for the
blocking of both E2F and cyclin E proliferative pathways for
complete cell cycle arrest (10, 37). Exactly how pRb leads to
increased p27¥™®* synthesis is under study but may be related
to a recently described mechanism of p27¥™! translational
control (40). This translational regulation of p27%™"! expres-
sion is mediated by a 5’ U-rich element which could explain
how pRb regulates endogenous p27<'"! levels (40). However,
this element does not appear to be in the p275¥'F! construct
used in these studies, suggesting that another regulatory mech-
anism may be in place. Still, the lack of this particular U-rich
element does not preclude the possibility that a related se-
quence exists in the construct that would result in translational
regulation of p27¥'! in a manner similar to the mechanism
previously described.

The two collaborative functions of pRb described above are
apparently augmented by a third function that results in the
unique morphological alteration elicited by pRb. Although the
flat-cell phenotype is similar to that seen in many senescent cell
systems, pRb’s induction of this phenotype is now clearly
shown to be a consequence neither of senescence induction
nor of combined E2F repression and cdk2 inhibition. First,
despite a slight change in morphology, CIP/KIP inhibition of
cdk2 did not lead to the formation of the enlarged, flattened
cells seen in pRb senescent cells, although two markers of
senescence, SA—f3-gal activity and induction of plasminogen
activator inhibitor, were efficiently induced. Second, p130 was
found to be completely unable to induce flat cells despite its
block of E2F and cdk2 activity. These observations are remi-
niscent of those reported recently that unlink phenotypic se-
nescence and cell cycle arrest in human diploid fibroblasts (18).
However, these data do not preclude the possibility that
p27%'F! expression is necessary but not sufficient for the flat-
cell phenotype, nor do they argue against a role for the cy-
toskeletal alterations in augmenting p27<'™"' expression. In-
deed, we found a tight correlation between p27*™*! induction
and flat-cell formation by pRb mutants, and the observation
that the small number of flat cells induced by p107 express the
highest levels of p27%™! suggests that these responses to
pocket protein expression are related. How and why cells un-
dergo this pRb-dependent, extensive morphology change in-
volving, as we found, at least microtubule reorganization is
unknown but currently being studied and is likely to contribute
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FIG. 8. Model for pRb-mediated senescence. pRb represses E2F-
mediated transcription of S-phase genes, inducing an acute cell cycle
arrest. In a non-E2F-dependent manner, pRb upregulates p27<F!
expression, leading to an accumulation of p27%'"! levels and a persis-
tent inhibition of cyclin E-cdk2 kinase activity. The specific inhibition
of cyclin E kinase activity by the CIP/KIP inhibitors triggers senes-
cence, but it is a unique function of pRb to induce the morphology
change associated with senescent cells that appears to strongly corre-
late with levels of p27¥'F! expression.

significantly to pRb’s ability to induce permanent cell cycle
exit.

Altogether our data suggest the model of pRb-induced se-
nescence shown in Fig. 8. With the proper senescence-promot-
ing stimulus, pRb represses E2F transcriptional activity to ini-
tiate an acute cell cycle arrest. In a non-E2F-dependent
manner, pRb increases p275™"! levels posttranscriptionally,
leading to an accumulation of p27¥™", and it is in this way that
pRD pocket domain mutants unable to stably interact with E2F
induce growth arrest and senescence. The increased levels of
p27%™! inhibit cyclin E-cdk2 kinase activity, triggering a pro-
longed G, arrest—a function that exogenous expression of
p21<™F! and p27%™* (or dominant-negative cdk2) duplicates. It
is this persistent inhibition of cyclin E kinase activity specifi-
cally by p27*'®! that results in the formation of small, round
senescent cells. However, it is a unique function of pRb to
induce an extensive cellular morphology alteration, producing
enlarged, flattened cells that are senescent. Changes in cy-
toskeletal signaling in these flat cells may in fact maintain the
irreversible cell cycle exit and high levels of p27¥™" expression.

This model reinforces the idea that the pS3/p21 pathway is
not crucial for cellular senescence in human cells and that pRb
can achieve this antioncogenic cellular state at least in SAOS-2
cells through p27%™! induction. However, the observation of
an increase in p53 activity and a requirement for p21<™* in
senescent primary human cells (3, 18) and in p53-positive hu-
man tumor cells (15) suggests that the pRb-p27%¥"! pathway
may be subordinated by the existence of an intact p5S3 pathway
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or may be specific to SAOS-2 cells or certain cell types. We
believe that the pRb-p275¥'F! pathway is a general response to
senescence stimuli in the absence of p53 for two reasons. First,
we have observed that the simultaneous blocking of p53 func-
tion and reestablishment of the pRb pathway by the reintro-
duction of p16™%42 into U208 cells, an osteosarcoma cell line
that is wild type for pRb and p53, result in the upregulation of
p27%™F! instead of p21<'*! in these senescent cells (data not
shown). Second, our preliminary data indicate that this pRb-
p27%™! senescence-inducing mechanism occurs in other cell
types shown to be susceptible to pRb-mediated senescence
(67). Additionally, evidence is accumulating for p27*!-de-
pendent, p53-independent mechanisms of senescence in nor-
mal cells. For example, recent work with MEFs has shown that
inhibition of phosphoinositide 3-kinase leads to a senescence
that is associated with an elevation of p27<™! levels but not
p53, p19ARY, p16™K42 or p21°'F! levels (14). Thus, certain
physiological stimuli, tissue contexts, or intracellular environ-
ments may modulate the pathways by which cells enter senes-
cence in an effort to avoid tumorigenesis. The prevalence of
disruption of the pRb pathway in tumors is likely to partially
result from pRb’s critical role in cell cycle exit programs such
as the one described here. The mechanism through which pRb
augments p27<'"! synthesis and the specific role of p27<'"!-
mediated cdk2 inhibition in senescence remain to be eluci-
dated but promise to yield significant clues to an important
tumor-suppressive process.
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